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Hexanucleotide expansions, GGGGCC, in the non-coding
regions of the C9orf72 gene were found in major frontotemporal
lobar dementia and amyotrophic lateral sclerosis patients
(C9FTD/ALS). In addition to possible RNA toxicity, several
dipeptide repeats (DPRs) are translated through repeat-associ-
ated non-ATG-initiated translation. The DPRs, including
poly(GA), poly(GR), poly(GP), poly(PR), and poly(PA), were
found in the brains and spinal cords of C9FTD/ALS patients.
Among the DPRs, poly(GA) is highly susceptible to form cyto-
plasmic inclusions, which is a characteristic of C9FTD/ALS. To
elucidate DPR aggregation, we used synthetic (GA)15 DPR as a
model system to examine the aggregation and structural prop-
erties in vitro. We found that (GA)15 with 15 repeats fibrillates
rapidly and ultimately forms flat, ribbon-type fibrils evidenced
by transmission electron microscopy and atomic force micros-
copy. The fibrils are capable of amyloid dye binding and contain
a characteristic cross-� sheet structure, as revealed by x-ray
scattering. Furthermore, using neuroblastoma cells, we demon-
strated the neurotoxicity and cell-to-cell transmission property
of (GA)15 DPR. Overall, our results show the structural and tox-
icity properties of GA DPR to facilitate future DPR-related ther-
apeutic development.

Frontotemporal lobar degeneration (FTLD)2 is a dementia
with symptoms of behavioral changes and aphasia. Amyo-
trophic lateral sclerosis (ALS) progressively affects the motor
neurons in the central nervous system and eventually causes
death. These two degenerations share some pathological char-
acteristics and are usually discussed together. In 2011, a gene
mutation harboring hexanucleotide expansions in C9orf72

was reported to be the most common autosomal dominant
mutation in familial FTLD/ALS (1, 2). The hexanucleotide
GGGGCC (G4C2) is heavily expanded from tens to thousands
of repeats either in the promoter region or in the first intron of
C9orf72 in patients, whereas only 2–25 repeats are normally
present in healthy people (1, 2). Aside from the nucleotide
expansion, p62-positive, transactive response DNA binding
protein-negative protein inclusions have been found in the cer-
ebellum and hippocampus of C9orf72-linked patients (3).

The pathological role of C9orf72 expansions in FTLD/ALS
pathogenesis remains unclear (4), although several mecha-
nisms have been proposed. First, hexanucleotide expansions
cause reduced mRNA expression and protein levels of C9orf72
in the brains of C9orf72-related FTLD/ALS patients (5–7). Sec-
ond, the transcripts of the G4C2 expansion form RNA foci in the
nuclei of human brains and spinal cords that could mediate
RNA toxicity (1, 8, 9). G4C2 DNA and RNA form G-quadru-
plexes and cause nucleolar stress (10), and RNA foci can abolish
the normal functions of RNA binding proteins (8, 9). Third,
hexanucleotide expansions are translated into proteins through
repeat-associated non-ATG-initiated translation (11). Interest-
ingly, translated proteins from both sense and antisense RNA
have been identified in the hippocampus, frontal and motor
cortices, spinal cord, and cerebellum of patients (12–15). The
reading frames of repeat-associated non-ATG-initiated trans-
lation from sense sequence G4C2 transcripts generate three
DPRs (GA, GR, and GP), whereas antisense G2C4 transcripts
generate PR and PA DPRs. The discovery of these protein inclu-
sions in C9 FTLD/ALS highlighted the importance of the DPRs.

Protein inclusions are common pathological hallmarks
in many neurodegenerative diseases, such as amyloid � in
Alzheimer disease and �-synuclein in Parkinson disease. Here
we aimed to characterize DPRs, focusing on the GA peptide. In
our study, we used synthetic GA DPRs with 15 repeats to char-
acterize the peptide properties and address the pathology found
in FTLD/ALS patients. We found that (GA)15 rapidly forms
amyloid fibrils, starting with the formation of short filaments
and, later, ribbon-type fibrils. The aggregates are neurotoxic
and exhibit transmission properties among cells.

Experimental Procedures

Peptide Synthesis and Preparation—GA peptides were syn-
thesized by solid-phase peptide synthesis in the Genomics
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Research Center, Academia Sinica, Taiwan. The DPRs were
dissolved at 4 mg/ml in hexafluoroisopropanol (Sigma) to elim-
inate preaggregates and incubated at room temperature for 2 h.
Hexafluoroisopropanol was evaporated by vacuum, and pep-
tides were dissolved further in dichloroactic acid (DCA)
(Sigma). (GA)15 stock in DCA was then added to 100 mM

Na2HPO4 buffer and adjusted to pH 7.4. All samples were pre-
pared freshly prior to the experiments. The final DCA concen-
tration in all experiments was 0.1%.

Turbidity Measurement—Different concentrations of DPR
peptides were incubated at room temperature, and the aggre-
gation was examined by turbidity measurement. Turbidity was
indicated by absorbance at 450 nm by an UV-visible spectro-
photometer (DU800, Beckman Coulter) with a 1-cm light path
quartz cuvette (Hellma). The cuvette was sealed with Parafilm
to prevent evaporation. The experiment was performed at least
three times under each condition (n � 3). Absorbance readings
were taken every 5 min, and each experiment was monitored
for 90 min.

Thioflavin T (ThT) Assay—ThT was added at 10� dilution to
100 �M (GA)15 samples right before the measurement. The
final ThT concentration was 10 �M. ThT fluorescence was
excited at 442 nm in a FluoroMax3 spectrometer (Horiba Sci-
entific) with a 3-mm light path 165-QS quartz cuvette (Hellma).
Spectra were recorded from 460 –550 nm. The fluorescence
intensity at 480 nm was plotted against the incubation time.

Dynamic Light Scattering—(GA)15 peptides were prepared
using the same method as for the turbidity assay. All samples
were prepared freshly, and the buffer was filtered through a
0.2-�m filter membrane. After preparation, 50 �l of the sample
was loaded immediately into a 3-mm light path quartz cuvette
(Hellma), and the particle size distribution was measured in
Zetasizer NanoZA (Malvern). The system temperature was
maintained at 25 °C. Each curve was averaged from 12 or more
scans.

TEM—The samples were deposited on 400-mesh formvar
carbon-coated copper grids (Electron Microscopy Sciences) for
20 min, stained negatively with 2% uranyl acetate, and rinsed.
The grids were examined using field emission gun TEM (FEI
Tecnai G2 TF20 Super Twin) with an accelerating voltage of
120 kV.

AFM—AFM measurements were carried out on a Bruker
AXS Multimode NanoScope V equipped with a commercial
fluid cell tip holder. The Peakforce mode was used for imaging.
For Peakforce mode, the sample was oscillated in a vertical
direction with an amplitude of 35�100 nm and at a frequency
of 2 kHz. The vertical piezo movement results in cycles of
approaching and retracting traces in which the tip makes inter-
mittent contact with the sample surface. A force-distance curve
was acquired in each cycle. Topography information was
obtained from the height correction performed by the feedback
loop to keep a constant “peak” of force. The gold-coated back-
side silicon cantilevers (NanosensorsTM FM-AuD) with a
spring constant of 2�4 N/m were used. The nominal tip radius
was �10 nm. Prior to the AFM measurements, the AFM probe
was cleaned with UV light. In AFM imaging, the scan rate was
�1 Hz, and the peak force was set at 125�625 pN. The sub-
strate for sample adsorption was a square piece of highly

ordered pyrolytic graphite (lateral sizes of 12 � 12 mm, ZYH;
Structure Probe, Inc.) that was glued to a round metal chip fixed
magnetically to the AFM stage. To observe the morphology of
(GA)15 fibrils, we used highly ordered pyrolytic graphite as the
scanning surface. (GA)15 DPR aggregated at 100 �M was diluted
to 10 �M in 25 �l of buffer and deposited onto a freshly cleaved
highly ordered pyrolytic graphite. When we installed the sam-
ple into the fluid cell (60 �l), more buffer was added to fill in the
cell. The sample was imaged at three to six different positions to
ensure that the observations were consistent and representa-
tive. All scans were performed at room temperature under a
liquid environment in the fluid cell tip holder.

Fourier Transform Infrared Spectroscopy (FTIR)—FTIR spec-
troscopy was performed with a Nicolet 6700 FTIR spectrome-
ter (Thermo) equipped with a MIRacle single-reflection atten-
uated total reflection crystal (Pike Technologies). The samples
were prepared as aforementioned preparation but grown in
D2O. The samples were then precipitated by centrifugation at
17,000 � g for 30 min. The pellets were washed with D2O and
centrifuged again. The pellets were resuspended in D2O and
dotted repeatedly on the ZnSe crystal until dried. FTIR spectra
were collected in the range of 600 – 4000 cm�1 with a resolution
of 2 cm�1 at room temperature. More than 100 scans were
averaged and normalized.

Congo Red Birefringence—Congo red stock solution was pre-
pared as 100 �M in PBS/EtOH buffer containing 137 mM NaCl,
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, and 10% etha-
nol. The (GA)15 end point product (5 �l, 100 �M) was diluted in
80 �l of PBS/EtOH and mixed with 15 �l of Congo red stock.
The final concentration of Congo red was 15 �M, and the final
concentration of (GA)15 was 5 �M. (GA)15 fibrils were stained
for 12 h and pelleted at 17,000 � g for 20 min. Pellets were then
resuspended in 10 �l of Milli-Q water and blotted on a glass
slide. Birefringence images were captured with a Leica upright
microscope (DM6000B) with a polarizer.

ThT Fluorescence Images—ThT stock (0.5 �l, 1 mM) was
added to the (GA)15 end point product (10 �l, 100 �M). The
final concentration of ThT was 50 �M. The solution was dotted
on glass slides and observed under an Olympus IX81 fluores-
cence microscope with a DP80 camera.

SAXS and WAXS—The (GA)15 end point product was col-
lected from a sample solution centrifuged at 17,000 � g for 20
min. The concentrated product was then washed repeatedly
with Milli-Q water, centrifuged, and recollected to eliminate
salts. The final purified product was resuspended in water and
then dropped on a Kapton thin film substrate for SAXS/WAXS
with the 23A SWAXS instrument of the National Synchrotron
Radiation Research Center, Taiwan (16). SAXS data were col-
lected with a two-dimensional Pilatus-1MF detector, and
WAXS data were collected with either a two-dimensional com-
plementary metal-oxide semiconductor detector (C9728DK)
or a linear pixel detector (Mythen-3k) for improved resolution.
The scattering wave vector q � 4���1sin�, defined by the
wavelength � (1.24 Å) and scattering angle 2�, was calibrated
using the diffraction peaks from mixture powders of silicon and
silver behenate. Background scattering from a similar Kapton
film was subtracted from the SAXS/WAXS data measured for
the sample.
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Reactive Oxygen Species (ROS) and Cytotoxicity Assay—
Human neuroblastoma BE(2)-C cells (ATCC, catalog no. CRL-
2268) were incubated at 37 °C under 5% CO2 and cultured in
RPMI medium with 10% FBS. For the ROS test, 40,000 BE(2)-C
cells were seeded, and the medium was replaced on the second
day with 40 �l of DMEM/F12 (Life Technologies) phenol red-
free medium containing 15 �M of CM-H2DCFDA (Life Tech-
nologies). After 1 h of incubation with CM-H2DCFDA, 20 �l of
the samples was added to the wells. Cells were incubated at
37 °C for another 3 h, and the fluorescence was monitored in a
microplate reader (SpectraMax M5, Molecular Devices) with
excitation and emission wavelengths of 480 and 535 nm,
respectively. Data were normalized to the buffer control (n �
4). For the MTT assay, cells were seeded in RPMI medium in a
96-well plate with 40,000 cells/well 1 day before the experi-
ment. The medium was discarded, and the cells were washed
with RPMI medium without FBS. RPMI medium (40 �l) was
added to each well, followed by addition of 20 �l of 100 �M

(GA)15, and the cells were incubated for an additional 24 h.
Afterward, 7 �l of 5 mg/ml MTT solution was added and incu-
bated for 3 h. The medium was discarded, and dimethyl sulfox-
ide was used to lyse the formazan crystals. Absorbance at 570
and 690 nm was measured by an ELISA microplate reader
(SpectraMax M5). The absorbance differences between 570
and 690 nm were calculated, averaged (n � 4), and obtained by
subtracting the background without cells. Each data set was
normalized using the buffer control.

(GA)15 Propagation—Sterilized glass coverslips were placed
on 6-cm plates. A total of 150,000 mouse neuroblastoma
Neuro-2a cells (N2a, ATCC, catalog no. CCL-131) were seeded
in each plate and incubated with 2 �M (GA)15 samples as indi-
cated for 1 h. The FLAG-(GA)80 plasmid (a gift from Dr. Fen-
Biao Gao, University of Massachusetts Medical School,
Worcester, MA) was transfected in the cells using Xtreme HP
reagent (Roche) according to the protocol of the manufacturer.
For immunocytochemistry, cells on glass slides were obtained
at the indicated times, fixed with 4% paraformaldehyde for 30
min, washed with PBS, treated with 0.3% Triton X-100 for
another 30 min, and washed again. Blocking buffer containing
5% bovine serum albumin was used, and the cells were stained
by anti-FLAG mouse IgG (Sigma, catalog no. F3165, lot no.
SLBH1191V), followed by Alexa Fluor 594-labeled secondary
antibody (Life Technologies). Finally, the coverslips were
mounted with ProlongGold with DAPI staining (Life Technol-
ogies). Images were captured with a Leica upright microscope
(DM6000B).

Filter Retardation Assay—Cells from the above experiment
were lysed in lysis buffer containing 5 mM Tris-HCl (pH 8.8), 1
mM EDTA, 100 mM NaCl, 5 mM MgCl2, 0.5% IGEPAL CA-630,
and cOmpleteTM EDTA-free protease inhibitor mixtures
(Roche) on ice at the concentration provided by the manufac-
turer. The cell lysates were centrifuged at 2000 � g for 2 min at
4 °C to spin down the cell debris. Afterward, the supernatants
were collected. Protein concentration was quantified by
BCA assay kit (Pierce), and 50 �g of protein was loaded into
the well of a Bio-Dot SF microfiltration apparatus (Bio-Rad)
containing a cellulose acetate membrane with a pore size of
0.8 �m. Anti-FLAG mouse IgG followed by horseradish per-

oxidase-conjugated secondary antibody were used for
immunoblotting. The image was then quantified using
ImageJ (http://imagej.nih.gov/ij/).

(GA)15 Transmission among Cells—N2a cells were trans-
fected separately with FLAG-(GA)80 and enhanced GFP
(EGFP) plasmids using Xtreme HP reagent (Roche). After
transfection, cells were washed with Dulbecco’s PBS (Life
Technologies) twice and detached from the culture dish.
FLAG-(GA)80-transfected cells were mixed with an equal
amount of EGFP-transfected N2a cells. A total number of
100,000 cells were seeded on a 6-cm plate with glass coverslips.
Cells were fixed 5, 24, 48, and 72 h after seeding. The immuno-
cytochemistry procedure was the same as the aforementioned
method.

Results

(GA)15 Rapidly Forms Amyloid Fibrils—To study the role of
DPRs in the pathology of FTLD/ALS patients, we first synthe-
sized three forward-translated frames with 15 DPRs, referred to
as (GA)15, (GR)15, and (GP)15. The solubility of (GA)15 is very
low, and it cannot be fully dissolved in dimethyl sulfoxide, urea,
or guanidine hydrochloride but can be dissolved in hexa-
fluoroisopropanol or DCA. We employed DCA to dissolve
(GA)15 and other DPRs. The peptide stock was diluted further
into 100 mM sodium phosphate buffer to bring the pH back to
neutral. After 90-min incubation, (GA)15 exhibited the highest
turbidity, whereas (GR)15 and (GP)15 showed only less than 5%
of that of (GA)15 (Fig. 1A). When comparing GA DPR with 5,
10, and 15 repeats, i.e. (GA)5, (GA)10, and (GA)15, we found that
only (GA)15 aggregated significantly but not (GA)10 and (GA)5
(Fig. 1B). Therefore, we focused on the characterization of
(GA)15 aggregation. First, we monitored the aggregation of
(GA)15 in 100, 75, 50, 25, and 10 �M in quiescence by absor-
bance at 450 nm to determine the sample turbidity (Fig. 1C).
The absorbance at 450 nm was plotted against the incubation
time. We found that absorbance of (GA)15 at 100, 75, 50, and 25
�M, but not 10 �M, increased exponentially right after the mea-
surement. Although several neuropathology studies have iden-
tified DPRs in disease lesions, no literature describes whether
the DPR inclusions belong to amyloids and whether they react
with classic amyloid dyes such as ThT. Therefore, we measured
the aggregation kinetics of (GA)15 at 100 �M by ThT fluores-
cence (Fig. 1D). The ThT result showed that (GA)15 aggregates
react with ThT and that the aggregation exhibits a classic amy-
loid nucleation-dependent pathway with a lag time of around
3 h. The kinetics reached a steady stage around 30 h. In addi-
tion, we examined (GA)15 aggregation at 100, 75, 50, 25, and 10
�M by dynamic light scattering (Fig. 2). The result was consis-
tent with our turbidity data, showing that the particle size of
(GA)15 at 10 �M did not increase through incubation time but
that those of all other (GA)15 with higher concentrations
increased significantly up to several micrometers. The dynamic
light scattering peak of (GA)15 at 10 �M was retained around
200 nm. The peak is likely due to an artifact because we found a
similar peak in the DCA-containing buffer control obtained
from an Eppendorf tube.

We further examined the morphological changes of 100 �M

(GA)15 during incubation by TEM (Fig. 3). Within 1 h of incu-
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bation, (GA)15 had condensed protofibrils, and, at 3 h, (GA)15
had rod-like fibrils. Interestingly, at 24 h of incubation, the
fibrils associated laterally into flat sheets and ribbon-type
fibrils. At the end of incubation (�72 h), most (GA)15 exhibited
ribbon-type fibrils. In addition, we employed AFM to
observe the height of (GA)15 fibrils. The samples were
scanned in solution to observe its native hydrated state. In
the AFM images, we found many short fibrils (Fig. 4, A and B)

that were consistent with our TEM result. Scanning into
smaller areas showed that the fibrils were curvy and flat. The
height of a fibril indicated in Fig. 4B was around 5 Å (Fig. 4C).
We further analyzed 51 fibrils from several AFM images and
plotted the height distribution (Fig. 4D). The average height
was 4.5 � 0.7 Å. Overall, the average height of fibrils calcu-
lated from AFM images demonstrates the flat ribbon-like
fibril structure of (GA)15.

FIGURE 1. Aggregation of DPRs. A and B, (GA)15, (GR)15, and (GP)15 (A) and (GA)5, (GA)10, and (GA)15 (B) DPRs at 100 �M were incubated in quiescence for 90 min
at room temperature. The final absorption at 450 nm was averaged (n � 4) and plotted with standard deviation. The buffer control was subtracted. C, the
aggregation of (GA)15 peptides in various concentrations, including 100 (black), 75 (red), 50 (blue), 25 (green), and 10 �M (magenta), was measured by
absorbance at 450 nm. More than three independent experiments were averaged and plotted with standard deviation. D, ThT fluorescence was monitored for
72 h. More than three independent experiments were averaged and plotted with standard deviation. The solid line is a trace line of the data.

FIGURE 2. Dynamic light scattering of (GA)15 aggregation at different incubation times. Dynamic light scattering was used to monitor the particle size
distribution during (GA)15 aggregation. A and B, for 100 �M (A) and 75 �M (GA)15 (B), signals colored red, orange, green, olive, cyan, blue, and magenta represent
0, 2.5, 10, 15, 20, 30, and 40 min of incubation, respectively. C, for 50 �M (GA)15, signals colored red, orange, green, olive, cyan, blue, and magenta represent 0, 2.5,
15, 25, 30, 40, and 60 min of incubation, respectively. D and E, for 25 �M (D) and 10 �M (E) of (GA)15, signals colored red, orange, green, olive, cyan, blue, magenta,
and purple represent 0, 2.5, 10, 30, 50, 75, 110, and 140 min of incubation, respectively. The buffer peak is indicated as a black dashed line in E.
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(GA)15 Fibrils Are Rich in � Structures—To determine the
secondary structural changes of (GA)15 fibrils, we first
employed far-UV CD to examine (GA)15 at various incubation
times. At time 0, (GA)15 DPR exhibited a randomly coiled spec-
trum. During the incubation, surprisingly, the CD spectra
showed no conformational transformation; only a diminishing
signal was detected (data not shown). The result could be due to
no or little CD signal of glycine and alanine, respectively. FTIR
was then performed to study the secondary structure of (GA)15
fibrils (Fig. 5A). The FTIR spectra of (GA)15 fibrils after 3, 6, 9,
24, and 48 h of incubation showed two major peaks at 1620 and
1642/1645 cm�1. The wave number of 1620 cm�1 represents a
� sheet structure, whereas the peak around 1645 cm�1 repre-
sents a randomly coiled structure (17). After longer incubation,

the peak at 1620 cm�1 increased, and the 1645 cm�1 peak
shifted to 1642 cm�1. We plotted the normalized intensity of
the 1620 cm�1 peak with incubation time, and the result
showed that � structure content increased after 3 h of incuba-
tion and gradually reached a steady stage at �30 h. The result is
consistent with our ThT assay.

We further imaged (GA)15 aggregates in the presence of
amyloid-specific dyes, namely, Congo red and ThT. Under a
fluorescence microscope coupled with a polarizer (Fig. 5C), we
clearly observed the apple-green birefringence of Congo red on
(GA)15 fibrils. ThT fluorescence was also observed under a fluo-
rescence microscope (Fig. 5D). Overall, our data support the
hypothesis that the GA DPRs are capable of forming amyloid
fibrils containing � structures.

FIGURE 3. TEM images of (GA)15 aggregates. The morphological changes of aggregates after the indicated incubation time are shown. Scale bars �
100 nm.

FIGURE 4. AFM images of (GA)15 fibrils. A and B, AFM images of (GA)15 fibrils
in a 1-�m square (A) or a 250-nm square (B). Scale bars � 100 nm. C, the height
of the cross section of (GA)15 fibrils as indicated by a red line in B. D, height
distribution of (GA)15 fibrils (n � 51). The average height is 4.49 � 0.66 Å.

FIGURE 5. FTIR spectra and amyloid dye staining of GA peptides. A, FTIR
spectra of aggregates formed from (GA)15 DPR after 3 (red), 6 (green), 9 (cyan),
24 (blue), and 48 (magenta) h of incubation. The background was subtracted.
The peak positions are indicated. B, the relative intensities of 1620 cm�1 from
A were plotted against the incubation time. The solid line is a trace line of the
data. C and D, images of Congo red birefringence (C) and ThT (D) under fluo-
rescence microscopy. Scale bars � 100 �m.
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Cross-� Sheet Structure of (GA)15 Fibrils Revealed with Wide
Angle X-ray Scattering—To determine the detailed core struc-
ture of (GA)15 fibrils, we subjected the end point product of
(GA)15 to small and wide angle x-ray scattering measurement in
synchrotron radiation. The WAXS profile (Fig. 6) collected for
the end point product of (GA)15 exhibited the two characteris-
tic peaks of a typical cross-� sheet structure (18). The corre-
sponding intersheet and interstrand packing extracted from the
peak positions located at q � 0.880 and 1.408 Å�1 were 7.1 and
4.5 Å, respectively, on the basis of Bragg’s law. Moreover, the �
sheet domain dimensions estimated from the two peak widths
(�: full-width half-maximum) using the Sherrer equation
(�2�/�, with � for the full-width half-maximum) were �21
and 16 nm along the intersheet (�30 sheets) and interstrand
(�36 strands) packing directions. By contrast, the SAXS data
exhibited a monotonic decrease in intensity of no observable
interference peak (data not shown), suggesting that no ordered
arrangement of these cross-� sheets was present in (GA)15
fibrils (18).

(GA)15 Is Neurotoxic—To examine whether (GA)15 aggre-
gates cause cell damage, we first performed a ROS assay on
human neuroblastoma BE-(2)C cells treated with (GA)15 or left

untreated after various incubation times (Fig. 7A). The result
showed that the ROS level of cells treated with buffer control
and freshly prepared (GA)15 (0 h) were similar. However, cells
treated with (GA)15 for more than 3 h of incubation showed
significantly more ROS. We further performed an MTT assay
to test (GA)15-induced cytotoxicity (Fig. 7B). Freshly prepared
(GA)15 peptide or aggregates after 3, 24, and �72 h incubation
were treated in five concentrations ranging from 0.66 –33 �M

for 24 h, and then the cells were subjected to the MTT assay.
We found that treatment of human neuroblastoma cells with 33
�M (GA)15 significantly reduced cell viability. The toxicity fol-
lowed a dose-dependent manner. Interestingly, the toxicity
level was significantly higher with treatment of the freshly pre-
pared (GA)15 and (GA)15 after 3 h of incubation (�45% toxicity)
than of the (GA)15 fibril after 24 h and �72 h incubation (�15%
toxicity). Our results demonstrated that the non-ATG-induced
GA DPRs were cytotoxic.

(GA)15 Fibrils Are Capable of Cell-to-Cell Transmission—To
ask whether extracellular treatment of (GA)15 is capable to
induce aggregation in cells, we added a buffer control or 2 �M

freshly prepared (GA)15 peptide at time 0 and end point prod-
uct as seeds to N2a neuroblastoma cells 1 h prior to transfection
with FLAG-(GA)80 plasmid. Inclusions were detected by anti-
FLAG antibody to specifically recognize transfected FLAG-
(GA)80. After transfection for 5 h, no inclusion was observed in
cells treated with buffer (Fig. 8A) or freshly prepared (GA)15
(Fig. 8B), whereas some small inclusions were observed in end
product-treated cells (Fig. 8C). After transfection for 10 –15 h,
cells treated with freshly prepared (GA)15 started to form cyto-
plasmic inclusions (Fig. 8, E and H), but those treated with
buffer had no inclusions at 10 h (Fig. 8D) until a small amount of
aggregates were observed 15 h after transfection (Fig. 8G). On
the other hand, cells treated with (GA)15 end point product had
prominent and larger inclusions 10 and 15 h after transfection
(Fig. 8, F and I). We performed a filter retardation assay to
quantify the induced inclusions (Fig. 8J). Inclusions larger than
the pore size of the membrane would be trapped on the mem-
brane. The trapped species were detected by anti-FLAG anti-

FIGURE 6. WAXS profile of (GA)15 fibrils. The peaks of � sheets fitted with
Gaussian functions are marked by the corresponding d spacings extracted
from the peak positions.

FIGURE 7. The cytotoxicity of (GA)15 aggregates. A, a ROS assay was used to test the immediate toxicity of (GA)15 after incubation for 0, 3, 9, and 24 h.
CM-H2DCFDA was used to detect ROS generation. The data were averaged (n � 4) and plotted with standard deviation. B, an MTT assay was used to evaluated
the toxicity of (GA)15 after incubation for 0, 3, 24, and 72 h. At each time point, final concentrations of 33 (black), 6.6 (dark gray), 3.3 (gray), 1.32 (light gray), and
0.66 (striped) �M (GA)15 were treated. The data were averaged (n � 4) and plotted with standard deviation. The statistical analyses were performed by one-way
analysis of variance. *, p 	 0.05; **, p 	 0.01; ***, p 	 0.001.
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body. (GA)15 end products induced a more profound aggrega-
tion of transfected FLAG-(GA)80. The result was consistent
with the fluorescence images. We quantified the trapped
FLAG-(GA)80 from three independent experiments (Fig. 8K).
Overall, we found that extracellular (GA)15 accelerated the for-
mation of intracellular inclusions and that the end point prod-
uct of (GA)15 induced significantly more inclusions than the
fresh sample. These data demonstrated that extracellular syn-
thetic (GA)15 aggregates can be taken up by cells as seeds and
drive intracellular aggregation. In addition, to find out whether
GA inclusion could be transmitted from cell to cell, we co-cultured

equal amounts of FLAG-(GA)80-transfected and EGFP-trans-
fected N2a cells on glass coverslips. After 24 h of co-incubation, we
found several co-localization signals of EGFP and FLAG-(GA)80 in
cells (Fig. 8L). These assays demonstrated that GA has cell-to-cell
transmission properties in which inclusions can be taken from the
extracellular space and transmitted among cells.

Discussion

The GA DPR has been found to be one of the translated
proteins in C9orf72 expansions in FTLD/ALS. The role and
structure of DPRs are currently unknown. Here we used

FIGURE 8. Extracellular (GA)15 fibrils induce formation of intracellular GA inclusions. A–I, immunofluorescence images of GA inclusions. Mouse neuroblastoma
N2a cells were treated with buffer (A, D, and G), freshly prepared (GA)15 (B, E, and H), and end product of (GA)15 (C, F, and I), respectively. Images were taken 5 (A, B, and
C), 10 (D, E, and F), and 15 h (G, H, and I) after transfection with FLAG-(GA)80. Images from DAPI staining (blue) and anti-FLAG staining (red) were merged. Scale bars �
100�m. J and K, filter retardation assay of GA inclusions. The cell lysates were trapped on a cellulose acetate membrane with 0.8-�m pore size and blotted by anti-FLAG
IgG (J). The intensities of the bands were quantified, averaged from three independent experiments, and plotted with standard deviations (K). Arbitrary unit (a.u.) for
intensity are shown. The statistical analysis were performed by one-way analysis of variance. *, p	0.05; **, p	0.01; ***, p	0.001. L, co-incubation of EGFP-transfected
and FLAG-(GA)80-transfected cells. Images from EGFP expression (green), DAPI staining (blue), and anti-FLAG staining (red) were merged. Scale bars � 10 �m.
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(GA)15, with 15 DPRs, as a model system to study its aggrega-
tion. We showed that (GA)15 is a more aggregated species than
(GR)15 and (GP)15 DPRs. The species first formed short fila-
ments and continued to grow into ribbon-type fibrils after a
longer incubation time. The fibrils were amyloid fibrils, as evi-
denced by ThT and Congo red staining. The fibrils have cross-�
structures with two major x-ray diffraction peaks at 7.1 and 4.5
Å. The aggregates were neurotoxic and could be transmitted
among cells.

Recently, several aggregated forms of �-synuclein, the main
constituent in Lewy bodies of Parkinson disease, were exam-
ined in vivo for their cell-to-cell transmission properties, and
the ribbon type of �-synuclein fibril was found to be less toxic
than regular fibrils (19). This result reflects the polymorphism
of the amyloid species even in the fibril form. We also observed
flat ribbons of (GA)15 DPR starting at 24 h to the end of incu-
bation. The ROS level was increased in the samples after 3-h
incubation but not in the freshly prepared one. The MTT assay
showed that the samples after 24 h incubation were signifi-
cantly less toxic than the freshly prepared ones and those with a
shorter incubation time, e.g. 3 h. Given that the MTT assay was
performed after an additional day of incubation with the cells,
(GA)15 aggregation proceeded further in the culture medium.
Therefore, our result suggested that fibrils formed in an inter-
mediate time, likely between 3–24 h, are more detrimental.
These results facilitate the identification of toxic species for
future therapeutic development. Although previous literature
has shown that amyloid oligomers in other amyloidogenic pro-
teins, such as amyloid � and �-synuclein, are more toxic than
their fibril forms (20, 21), in this study we did not observe
(GA)15 DPR forming oligomers. Also, we did not observe
increased ROS levels in the freshly prepared samples. One pos-
sibility is that (GA)15 oligomers, if any, appear very transiently
under our experimental conditions. To address the oligomer
toxicity, further experiments to stabilize (GA)15 oligomers will
need to be conducted.

The cross-� structure of (GA)15 fibrils is evidenced by WAXS
with an interstrand spacing of �4.5 Å and an intersheet spacing
of �7.1 Å. The intersheet spacing of (GA)15 is much more com-
pact in comparison with that of amyloid � fibrils (10 Å). It may
be due to the smaller side chains of (GA)15 and, consequently, a
better packing with larger � sheet domain sizes than the often
observed diameter of amyloid � fibrils (22, 23). The � structure
peak was examined further with FTIR, essentially revealing
absorption peaks for a parallel � sheets structure but no observ-
able intensity for anti-parallel � sheets (24), i.e. a peak at �1630
cm�1 and a weaker peak at 1,695 cm�1, suggesting that the �
sheets are parallel. Interestingly, GA DPR resembles the
sequence found in silk peptides. Three conformations, includ-
ing silk I (�-helix/random coil), silk II (� sheet), and silk III
(three-fold polyglycine II-like helix) have been reported in silk
peptide fibroin C with the amino acid sequence GAGAGS (25).
Our (GA)15 also has a strong peak at 1645 cm�1 in FTIR, similar
to the silk I structure in silk fibroin. A previous WAXS study has
suggested that the fibroin protein harboring 13 blocks rich in
GAGA repeats contains characteristic spacing with 4.4 and 3.6
Å for the silk II structure (26). Our WAXS data also revealed the

additional 3.6-Å peak (Fig. 4) in addition to the major inter-
strand 4.5-Å peak of (GA)15 DPR.

Although all five types of DPRs have been found in cytoplas-
mic inclusions in the cerebellum and hippocampus areas of
patients with C9orf72 expansions (3, 14), only poly(GA) over-
expression in primary neurons mimicked the p62-positive neu-
ronal cytoplasmic inclusions (27). In a Drosophila model, argi-
nine-rich DPRs, GRs, and PRs caused neurodegeneration (28),
and PR DPR has been reported to form toxic nuclear aggregates
(29). Co-expression of (GA)80 and (GR)80 in fly and HeLa cells
showed that (GA)80 recruits (GR)80 to form cytoplasmic inclu-
sions and suppresses (GR)80 toxicity (30). Although GA DPR
does not cause neurodegeneration in fly models, here we
showed direct evidence that (GA)15 aggregates are cytotoxic,
with cell-to-cell transmission properties, even if it may not be
the most toxic species. Indeed, other studies have shown that
expression of (GA)50 DPR in HEK293T and primary neurons
caused caspase-3 activation, neurite impairment, inhibition of
proteasome activity, and endoplasmic reticulum stress (31).
These reports addressed the importance of aggregation-prone
DPRs and the urgent need to understand their aggregation
mechanism and the correlation to toxicity.
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